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We have investigated the scalability of our post-synthesis graphitization process for single-walled carbon nanotubes
(SWCNTs), which applies heat and current to SWCNTs to improve the thermal and electrical conductivities. This
investigation was performed by examining the relationship between the processing conditions and the amount
of treated SWCNTs. Characterization of all cases of treated SWCNTs showed the same level of improvement of ~3
times to both the thermal and electrical conductivities and that the SWCNTs remained SWCNTs, i.e., no change in
diameter or wall number. These results provided evidence that the ability to improve the crystallinity of the SWCNTs
was independent of the treatment amount. Further, our results showed that an increase in SWCNT amount required
increased applied current density or increased in applied temperature to achieve optimum property improvement.
Finally, we found a trade-off between the current density and temperature indicating that either a high current or
high temperature was required to achieve the optimum process conditions. These results demonstrated that our
heat and current SWCNT treatment was fundamentally scalable and applied towards larger scale (i.e., gram-level or more)
amounts of SWCNT.
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Defects in the crystalline structure of carbon nanotubes
(CNTs) represent the bottleneck for their applications.
Single-walled carbon nanotubes (SWCNTs) can, in
principle, possess a perfectly defined structure because
the chemical structure can be completely determined by
its chirality. However, the presence of crystalline defects
significantly diminishes the measured properties [1]. For
example, a defect-free SWCNT is predicted to possess a
tensile strength of ~400 GPa, yet tensile strengths of
only ~3 GPa have been experimentally observed from
SWCNT fibers [2–4]. Similarly, the thermal conductivity
for SWCNTs is estimated to be ~6600 W m−1 K−1 at room
temperature, but the observed thermal conductivity of a
SWCNT bundle (diameter, 10 nm) is only ~150 W m−1 K−1
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reproduction in any medium, provided the origestimated to be as high as 1013 A cm−2, but only
107–109 A cm−2 has been measured [7–9].
Therefore, significant effort has been invested to
develop processes for CNTs to remove the defects
created during the synthesis stage. Unlike purification
treatments, which are aimed at the removal of catalyst,
support, or carbonaceous impurities, the removal of
defects represents an improvement in graphitization
similar to that used for carbon fibers. Heat treatments are
the most straightforward approach, and a number of
works have been reported. For example, heat treat-
ments of multi-walled carbon nanotubes (MWCNTs)
at 1200–2800 °C have been reported to increase crystallinity
(by Raman spectroscopy), increase purity, and improve
electrical conductivity, thermal diffusivity, and mechanical
compressive strength [10–13]. While the exposure of
SWCNTs to high-temperature processes have shown
increases in crystallinity, structural changes in terms of
increased diameter and wall number have also been
observed [14–18]. This structural change presents ais is an Open Access article distributed under the terms of the Creative
mmons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
inal work is properly credited.
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that the SWCNTs do not remain SWCNTs. For example,
the heating of SWCNTs at 1000–2400 °C has resulted in a
coalescence of SWCNTs into larger diameter double-
walled carbon nanotubes (DWCNTs) and MWCNTs [14,
15]. In addition, the improvement in electrical and
thermal properties of SWCNTs can occur from various
structural changes, such as wall number, diameter, and
crystallinity, but each of these structures are affected by
high-temperature treatments (1500–2000 °C) [16].
Recently, a process to remove the defects in SWCNTs
without increasing the diameter and wall number was
developed by applying electrical current in conjunction
with heating (heat and current) to an “aligned SWCNT
sheet.” An aligned SWCNT sheet is the result of laying
the SWCNTs of a vertically aligned array (i.e., forest)
flat, similar to laying down a field of corn. The result is a
high-density sheet which retains the SWCNT alignment.
By treating this kind of SWCNT form by the heat and
current process, a 3.2 times increase in the Raman
graphitic-to-disorder band (Raman G- to D-band) ratio,
a 3.1 times increase in electrical conductivity (from 25.2
to 78.1 S cm−1), a 3.7 times increase in thermal conductivity
(from 3.5 to 12.8 W m−1 K−1), and even a 1.7 times increase
in dispersibility (from 1.7 to 2.9 mg L−1) were achieved
[19]. While these results demonstrate the potential of our
heat and current approach, the scalability of this treatment
remains unclear. Specifically, by scalability, we mean the
ability to process larger amounts of SWCNTs, achieve a
similar level of improvement, and understand the scaling of
the required temperature and current density.
In this research, we examined the feasibility of our
heat and current SWCNT treatment to large-scale
processing by investigating the increase in both thermal
and electrical conductivities and the required optimum
conditions for increased amounts of SWCNTs. We found
that we could successfully treat SWCNT amounts
from ~3 to ~24 mg without inducing change to the
diameter or wall number by increasing the applied current
density or temperature. Furthermore, we determined the
optimum processing conditions (temperature and current
density) that provided a similar ~3 times increase in
electrical and thermal properties as well as the necessary
conditions for treating larger amounts of SWCNTs. These
results demonstrate that our SWCNT heat and current
treatment is fundamentally scalable.
Methods
Fabrication and Treatment of Aligned SWCNT Sheet
High-purity SWCNT “forests” were synthesized using the
water-assisted chemical vapor deposition (CVD) method
[20, 21]. A SWCNT “forest” is an array of vertically
aligned SWCNTs which are grown and self-assembled
from an array of nanoparticles deposited on a substrate. Inshort, synthesis was performed in a 3-in. image furnace
from silicon wafers, which were sequentially sputtered
with Fe (1.8 nm)/Al2O3 (40 nm) as catalyst/support layer
and reduced in a hydrogen ambient (H2/He: 90 %:10 %) at
815 °C for 15 min at a total flow of 2000 standard
cubic centimeters per minute (sccm) to form catalyst
nanoparticles. To grow SWCNTs, C2H4 was introduced to
the growth ambient for 10 min at the rate of ~80 sccm
and water vapor (200–250 ppm) using a He carrier gas
(900 sccm). The forest consisted of aligned CNTs with
high selectivity (99 % SWCNTs) and was very sparse
(mass density, ~0.04 g/cm3). As the SWCNT forest was a
single cohesive unit, the entire forest could be easily
removed in one piece from the substrate surface with
the application of light pressure to one side. In this
way, the SWCNT forest was removed from the substrate,
and the SWCNTs were laid flat into an aligned SWCNT
sheet by sandwiching the forest between two glass slides
and simultaneously applying shearing and normal forces
by hand to form an “aligned SWCNT sheet” [22]. Heat
and current treatment to the SWCNT sheets was con-
ducted as previous reports [19] and the following section.
Characterization
The electrical and thermal properties were characterized
as previous report [21, 23]. Thermal diffusivity (in plane)
of SWCNT sheets was measured at room temperature in
air by a thermowave analyzer (TA3, Bethel Co., Ltd).
The specific heat was estimated by differential scan-
ning calorimetry (DSC, EXSTAR X-DSC7000, Hitachi
High-Tech Science Corporation). Thermal conductivity
was calculated from the measured thermal diffusivity,
specific heat, and sheet mass density. Electrical conductivity
of the aligned SWCNT sheets was calculated from the
measured sheet resistance using a four probe electrical
measurement tester (Mitsubishi chemical, Loresta-EP
MCP-T360) and the average cross-sectional area. The
ratio of the Raman G- to D-band ratios of the SWCNT
sheets was investigated by Raman spectroscopy using a
Thermo-Electron Raman Spectrometer at an excitation
wavelength of 532 nm. Raman characterization was
performed on a 10 × 10 mm2 aligned SWCNT sheet on
one of the parallel surfaces on several locations sampling a
100-um2 area. Typically, three regions were sampled
across the cross-section of the SWCNT sheets, and each
layer (for multiple stacked sheets) was measured to deter-
mine the representative spectra for each aligned SWCNT
sheet. Our results showed that with the exception of the
surfaces which contacted the graphite electrodes, the
spectra across each layer (edge and middle) were quite
similar. The spectra in Fig. 1 were taken from the center
of the middle layer. Macro-Raman was chosen because of
the large variance in spectra intensity observed for micro-
sampling (up to 10 times difference), and as our SWCNT
Fig. 1 Plot of electrical and thermal conductivities after treatment as a function of (a) applied current density at 750 °C and (b) applied treatment
temperature at 150 A cm−2. c Current density and temperature as functions of layer number (SWCNT amount, one layer = ~3 mg). d TEM images
for untreated and treated (one, four, eight layers) SWCNTs and (e) Raman spectra for the untreated and treated SWCNTs at their respective
optimum treatment conditions
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appropriate to average over differences caused by local
differences, such as surface corrugation. The morphology
and change in wall number and diameter of CNTs were
evaluated by transmission electron microscopy (TEM;
TOPCOM EM-002B) of dispersed SWCNTs deposited
onto a standard TEM grid.
Results and Discussion
We developed a custom-made treatment device that
could pass large electrical currents (up to 266 A at
120 V) though the SWCNTs at high temperatures (up to
2000 °C) and in various ambient conditions (vacuum,
N2, Ar, and H2 gas). A vacuum chamber was equipped with
a high-frequency induction heating system and isotropic
carbon electrodes that treated the aligned SWCNT
sheets of 10 × 10 mm2 in size (~3.0 mg each) which was
connected to high DC power supply (Fig. 2) [19]. TheseSWCNT sheets were considered “bulk” as previous
methods to improve graphitization while maintaining the
single-walled structure which had been limited to single
SWCNTs using in situ TEM. Electrical discharge and
thermal expansion were obstacles in applying high current
densities at elevated high temperatures. For example, insuf-
ficient contact between the electrodes and the aligned
SWCNT sheet easily resulted in electrical discharge
(i.e., arcing); furthermore, if the electrodes and SWCNT
sheet were first placed in contact and heated, thermal
expansion of the electrodes would damage both the
SWCNT sheet and electrodes. Moreover, when high
electrical current was passed through the SWCNT sheet,
the local temperature further increased which invoked
additional thermal expansion. These issues not only pre-
vented the progression of experiments but also made it
impossible to achieve consistent and reproducible experi-
mental results because the contact resistance between the
Fig. 2 Digital photograph of the device and schematic representation of the primary interior components: Induction heater, DC power supply,
gas input and exhaust, electrodes, and aligned SWCNT sheet treatment zone. Inset: zoom-in of the aligned SWCNT sheet treatment zone. The
sample arrangement in the system included lower electrode, aligned SWCNT sheet(s), alignment guide, insulation between SWCNT sheets and
alignment guide, piston contact, and upper electrode
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aligned SWCNT sheets and treatment conditions. The
obstacles of thermal expansion and electrical discharge,
when applying high current densities at high temperatures,
were overcome by first allowing for thermal expansion by
bringing the upper electrode into close proximity of the
fixed bottom electrode during heating. Then, the upper
electrode was brought into contact with the aligned
SWCNT sheet, as determined by the measured resistance
reaching 1 Ω. In this way, we could achieve a very reliable
and reproducible soft contact between the SWCNT sheets.
SWCNTs (diameter, 2.9 nm; carbon purity, >99.9 %;
SWCNT absolute purity, 93–95 %) within these vertically
aligned forests were synthesized by the water-assisted
chemical vapor deposition (Super-Growth CVD) method,
which were virtually free from metal impurities that would
have significantly influenced the experimental results as
previously reported [20]. The high carbon purity means
the near absence of non-carbon impurities, e.g., catalyst
or support materials, among the SWCNTs. Despite
possessing high carbon purity, the absence or low level of
carbonaceous impurities is also important (i.e., absolute
purity). SWCNT absolute purity was determined by outer
specific surface area measurements through nitrogen
adsorption isotherms using the t-plot formulation and was
found to be >1100 m2/g (ideal, 1315 m2/g) [24]. The
diameter and wall number were determined by TEM.
SWCNT forests were laid flat into aligned SWCNT
sheets possessing a high density and two flat parallelsurfaces, which was an important feature to allow
uniform and stable electrical contact with the electrodes. It
should also be noted that the orientation of the SWCNTs
in these sheets was virtually perpendicular to the current
flow. Each aligned SWCNT sheet was 10 × 10 mm2 with
an individual mass of ~3.0 mg and thickness of ~250 μm.
In this research, we stacked one to eight layers (~3–24 mg)
vertically and treated these stacks of SWCNT sheets
with different temperatures and current densities and
characterized the thermal and electrical conductivities.
In this way, we could evaluate the optimum process
conditions for each amount of SWCNTs, improvement in
the SWCNT properties, and importantly, the scaling of
optimum conditions with SWCNTamount.
First, we determined the optimum conditions for ~3 mg
of SWCNTs (one SWCNT sheet) based on the improve-
ment to the electrical and thermal conductivities. The
required conditions were 150 A cm−2 at a temperature of
750 °C in an Ar ambient [19]. Based on this starting point,
we investigated how the optimum conditions, based on
property improvement, changed for a series of SWCNT
samples (aligned sheets) which differed only by the amount
(~3 to ~24 mg), i.e., one to eight layers of stacked sheets
(Fig. 1a,b). For each member in this series, at a fixed
temperature of 750 °C, an increase in the applied current
density led to an increase in both the electrical and thermal
conductivities. Importantly, in terms of the optimum level
of property improvement, all members of differing amounts
of SWCNTs exhibited a similar ~3 times improvement in
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that we could treat increased amounts of SWCNTs and still
achieve the same level of improvement in properties by
this process. However, as the amount of SWCNTs
increased, the required current density also increased
from ~150 A cm−2 for ~3 mg (one layer) to ~480 A cm−2
for ~24 mg (eight layers). Similarly, for each member,
when holding the applied current density fixed at
150 A cm−2, both the electrical and thermal conductivities
showed improvement with increased temperature. Again,
for each case, the optimum level was ~3 times which
further demonstrated the scalability of this process. These
results showed that the level of property improvement did
not depend on the amount of SWCNT material and that
the required applied current density or temperature
increased as the amount of SWCNTs increased (Fig. 1c).
We wish to note that the flow of current with heat is vitally
important to retain the SWCNT structure as unlike high-
temperature annealing, electrons flowing through the
SWCNTs are significantly scattered primarily at defect sites
to locally displace carbon atoms. This is a well-known
phenomenon in TEM as “knock-on” where carbon atoms
are displaced by electrons [25]. Further, while the precise
process remains unknown, we believe that as the
amount of SWCNTs increases, the amount of defects
proportionately increases, and as a result, the required
current density (within the same process time) increases.
The SWCNTs within the treated sheets were charac-
terized before and after treatment at their respective
optimum treatment conditions (3 mg, 150 A cm−2, 750 °C;Fig. 3 Dependence of the thermal and electrical conductivities on the applie
treatment time (1 min). a Map of the fractional increase in thermal and electr
As discussed in the text, the fractional improvement is the same, which make
(upper) and electrical (lower) conductivity improvement profiles for fixed curr12 mg, 240 A cm−2, 850 °C; 24 mg, 480 A cm−2, 1000 °C)
by TEM and Raman spectroscopy. For each case, compari-
son of the treated to untreated SWCNTs showed an
increase in straightness as observed by TEM, which is
indicative of a reduction in defects (Fig. 1d). In addition,
the average diameter and wall number of the untreated
SWCNTs and treated SWCNTs were virtually unchanged
(i.e., diameter, ~2.9 vs ~3.0 nm, respectively, and wall
number, ~1.0 vs ~1.0, respectively). Macro-Raman
spectroscopy (Fig. 1e) for each of the SWCNTs cases
compared to the as-grown SWCNTs showed a similar
increase in the Raman G- to D-band ratio from ~4.2
(as-grown) to ~13.1, ~13.7, and ~12.8 for 3, 12, and
24 mg, respectively (Fig. 1d). The increase in the Raman
G- to D-band ratio was further indicative of a reduction in
defects (i.e., increased graphitization), which is in agree-
ment with the TEM results. Comparison of the radial
breathing mode spectra (RBM) for the as-grown and all
treated SWCNT sheets (3, 12, 24 mg) showed identical
peaks and intensities further indicating no observable
change to the diameter. Taken together, the TEM and
Raman data showed that a similar reduction in defects
without change in diameter and wall number was possible
for each case, which further supported the fundamental
scalability of this approach in treating increased quantities
of SWCNTs.
From a practical standpoint, the linear increase in
required current density with SWCNT amount represents
an obstacle to adopt our approach towards the large-scale
(e.g., gram-level) treatment of SWCNTs, i.e., its scalability.d current and temperature for a fixed SWCNT amount (four layers) and
ical conductivities as a function of current density and temperature.
s the simultaneous mapping of both properties possible. b Thermal
ent density as a function of the applied temperature
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thermal and electrical conductivities on the relative levels
of required current density and temperature for a fixed
SWCNT amount (12 mg, four layers) and treatment time
(1 min). We applied a range of temperatures (500–2000 °C)
for each of the four fixed current densities (120, 150, 180,
240 A cm−2) and characterized the thermal and electrical
conductivities and plotted them as a function of applied
temperature (Fig. 3b). Each of the individual profiles,
which were for a fixed current density, showed a clear
peak which indicated that the optimum condition for
thermal and electrical conductivity improvement was
located. Importantly, the peak level was similar for
these three current density profiles, indicating that
more than one set of applied conditions could achieve
the same level of property improvement. Interestingly,
as previously observed, the fractional increase of the
electrical conductivity and the thermal conductivity
was nearly identical [19], i.e., the peak improvement for
both properties was ~3 times. Therefore, this afforded us
the opportunity to plot the fractional improvements for
both electrical and thermal conductivities on a map of the
temperature and current density to examine the shift in
the optimum process conditions (Fig. 3a). From this plot,
we observed that as the applied current density decreased,
the optimum applied temperature increased nonlinearly.
This means that there is a trade-off between the current
density and temperature, and a requirement exists
where either a high current density or high temperature is
necessary to achieve the optimum process conditions.Conclusions
We have examined the scalability of our heat and
current SWCNT treatment by investigating the ability to
process larger amounts of SWCNTs, achieve a similar
level of improvement, and understand the scaling of the
required temperature and current density. Our results
showed that an increase in SWCNT amount required
the increase in applied current density or temperature to
achieve optimum property improvement. Importantly,
for all cases, the SWCNTs remained SWCNTs, i.e., no
change in diameter or wall number. Finally, we found a
trade-off between the current density and temperature,
indicating that either a high current or high temperature
was required to achieve the optimum process conditions.
These results demonstrate that our heat and current
SWCNT treatment is fundamentally scalable and has
the ability to treat a large-scale amount of SWCNT
simultaneously to improve both the electrical and thermal
properties ~3 times.Competing interests
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